The present study gives an overview of the rare earth elements (REEs) distribution in automorphic and alluvial soil (top and sub-soil samples) in the environs of Bregalnica river. The element contents were determined using inductively coupled plasma with mass spectrometry. The content of the light rare earth elements (LREEs) in the whole investigated area ranges from 8.6 to 225 mg kg -1 , while the content of the heavy rare earth elements (HREEs) ranges from 0.92 to 33.7 mg kg -1 . The distribution of the LREEs (La, Ce, Pr, Nd, Pm, Sm, Eu and Gd) is predominantly related to the Quaternary terraces and the Paleogene flysch. The anthropogenic activities that occur in the Pb-Zn surroundings and the Cu mineralization in the investigated area significantly influence the lithological distribution of this geochemical association of elements. On the other hand, the distribution of the HREEs (Tb, Dy, Ho, Er, Th, Yb and Lu) presents a typical geochemical association in the area of the Bregalnica river basin.
INTRODUCTION
There are 17 rare earth metals (REMs) or rare earth elements (REEs), comprising the elements La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc and Y. Fifteen of the REMs constitute a group of elements called lanthanides and are found between the atomic numbers 51 and 71 in the periodic table of elements. Beginning with the atomic number 51, the lanthanides include the following elements: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. These elements are grouped together because they exhibit similar chemical and physical properties, considered as REEs. REEs possess certain unique but identical physical and chemical properties which make them useful markers of specific geochemical reactions in soil [1, 2] .
REEs can be accumulated in different areas of the environment following anthropogenic inputs because of the low mobility of these elements [3, 4] . The most plentiful REEs, cerium and yttrium, occur more often in the Earth's crust than lead, molybdenum, or arsenic. Lanthanum and neodymium occur in similar quantities to lead [5] , but even thulium, the rarest of the rare earth elements, can be found more often than gold, platinum, or iodine [6] . Approximate values of REE contents are usually in the range of 150 mg kg -1 . Promethium, however, has been found only in very small amounts in uranium ore deposits [7] .
Under natural conditions, lanthanides exist as oxides, silicates, carbonates, phosphates, and halogen compounds in minerals [8] . The amounts of individual REEs found in different mineral sources vary, yet the similarity in their ionic radius, oxidation state, and general properties results in their universal occurrence in all rare earth minerals. Therefore, not a single known mineral contains only one lanthanide as its major constituent. However, the establishment of the typical lanthanide contents in minerals allows their origins to be determined. This is also used for geochemical research on rock formations [9] .
In recent years, REEs have caused widespread concern because of their persistence in the environment [10] [11] [12] [13] . In nature, REEs become available to the soil and consequently to plants by leaching from mineral deposits and then entering groundwater [14] . Various studies have reported significant differences in REE concentrations among different types of soil. According to KabataPendias [15] , the sum of total rare earth elements (ΣREE) ranges from 88.9 to 469 mg kg -1 , whereas LREEs (La-Ce-Pr-Nd-Sm-Gd) range from 76.2 to 447 mg kg -1 and HREEs range from 9.2 to 55.2 mg kg -1 . Huang et al. [16] estimated that REE oxides enter the soil due to mining activities, resulting in potential soil pollution because of their persistence and toxicity [17] .
The presence of excessive REE contents in soils may have serious consequences for rounding ecosystems, groundwater, agricultural productivity, and human health [18] . Under these circumstances, REEs in soil are released and can enter the human body through multiple exposure pathways [19] . On the other hand, REEs, even when present in low contents, present some specific benefits as feed additives and fertilizers for different agricultural species [20] . Because of the abovementioned factors, there is a need for determination of the geochemistry of these elements in the automorphic and alluvial types of soil as there are different geochemical associations in different geographic areas.
The present investigation presents the first attempt to characterize the REE distribution in the automorphic and alluvial soils in the Bregalnica river basin in the eastern part of the territory of the Republic of Macedonia. The geochemical interaction of these elements plays an important role in the lithological distribution of mineral elements.
EXPERIMENTAL

Characterization of the investigated area
The investigated area is located in the eastern part of the Republic of Macedonia ( Fig. 1) and occupies a total area of ~4000 km 2 , with longitudinal and latitudinal coordinates of 41°27' -42°09' N and 22°55'-23°01 E. The region of the examined area is geographically composed of several sub-regions. The area is characterized by two main valleys: Maleševo and Kočani valleys. The average altitude varies from 270 to 1140 m. The average annual temperature is around 10 °C. Prevailing winds in the region are those from the west, with a frequency of 199‰ and speed of 2.7 m s -1 , and those from the east, with a frequency of 124‰ and speed of 2.0 m s -1 [21] . The average annual rainfall is about 500 mm, with large variations from year to year and in different sub-regions [22] . The rainfalls are mostly influenced by the Mediterranean cyclones [21] . Because of industrialization, urbanization, and uncontrolled discharge of wastewater from industry, mining and flotation, there are highеr levels of pollution in terms of the introduction of higher contents of certain toxic metals into the soil [23] [24] [25] [26] [27] . Pollution is often particularly high in the lower courses, as is the case for the Bregalnica riv-er in its lower course through the Kočani valley [28, 29] .
Since the REEs are fractionated during the weathering process, ores tend to contain either HREEs or LREEs. REEs are mined from a great variety of ores, even in very small amounts [30, 31] . In accordance with the description, the investigated area includes three highly exploited ore deposits: the Sasa Pb-Zn mine, with flotation tailings discharged in the Kamenica river environs, the Zletovo Pb-Zn mine, with flotation tailings discharged in the Zletovska Reka river, and the Bučim Cu-mine, with flotation tailings discharged in the Lakavica river. All three rivers mentioned are important tributaries of the Bregalnica river.
A generalized geological description of the whole investigated area is provided on the basis of the geological map given by Rakićević et al. [32] . The investigated area occupies a part of the SerboMacedonian massif. The oldest volcanic rocks occur in the areas of Bučim-Damjan-Borov Dol, Kratovo-Zletovo in the Toranica-Sasa, and Delče-vo-Pehčevo [33] . These older volcanic rocks are overlain by middle Miocene sedimentary rocks that provide an upper age limit, and thus the age of these oldest volcanic rocks is defined as Oligoceneearly Miocene. The volcanic rocks are andesite, latite, quartz-latite, dacite, and rarely trachyte and rhyolite [33, 34] . According to the generalized geological map, the dominant geological formations are Proterozoic gneisses, granite and shales, Neogene pyroclastites, clastites and vulcanites, and Paleogene flysch. 
Sampling and sample preparation
A total of 310 soil samples were collected. Automorphic and alluvial (related to river terraces) types of soil were sampled in the investigated area. The soil samples were collected using a previously adapted sampling network (5 × 5 km) as shown in Figure 2 . Two soil samples were taken at each location: a sample from the surface layer of the soil (topsoil, 0-5 cm) and a deeper soil layer (subsoil, 20-30 cm). Soil samples were collected according to soil sampling standards [30, 35] . Each sample was composed of five samples collected within an area of 10 × 10 m. The collected representative soil samples were air dried at room temperature for one week and passed through a 2 mm polyethylene sieve to remove plant debris and pebbles. Afterwards, the samples were ground in an agate mortar into fine powder and passed through a 0.100 mm nylon sieve. In this way the soil samples were to-tally dissolved for REE content determination using the wet mineralization procedure with nitric, perchloric, hydrofluoric and hydrochloric acids according to ISO 14869-1:2001 [36] . 169 Tm and 172 Yb) were determined using inductively coupled plasma mass spectrometry (ICP-MS, SCIEX Perkin Elmer Elan DRCII, Canada). External calibration was performed by measuring standard solutions containing these 14 rare earth elements at concentrations of 1, 5, 10, 20, 50 and 100 µg l -1 . Mixed solutions containing Rh and In were used as an internal standard at a concentration of 10 g l -1 . The instrumental operating conditions for the ICP-MS are given in Table 1 . Real sensitivity, as determined by the practical limit of detection (LOD), is a function of the signal-to-background ratio (high signal, low background) and the precision of the background measurements (10 blank samples were analyzed). In order to measure the actual sensitivity under helium conditions, signalto-background ratios and three sigma instrumental detection limits (IDLs) were determined in helium mode for the analyzed isotopes (Table 2) . Standard solutions were inserted into the sample sequence every 20 samples to verify the sensitivity and repeatability. The recoveries of these 14 rare earth elements were 82.1-105.1%.
Data processing
Statistical software (StatSoft 11.0, Dell, 2012) was used for data processing. Basic descriptive statistical analysis of the values referring to the elements contents was conducted. Data normalization and standardization were performed using the method of Box-Cox transformation [37] . Bivariate statistics were applied for production of a correlation matrix (p < 0.05), while T-tests and F-ratios were used for marking the significant differences between the independent and dependent elements' contents (in different sub-areas). The universal kriging method with linear variogram interpolation was applied for the creation of spatial distribution maps [38] .
T a b l e 1 
Instrument tune and acquisition conditions used
RESULTS AND DISCUSSION
The total REE concentrations in the soil samples were determined to have a mean of 79.7 ± 43.4 mg kg -1 and a range of 11 to 254 mg kg -1 for the whole of the investigated area. The values of the elements' contents obtained were entered in a data matrix. The values of the REE contents in the topsoil and the subsoil at every location in the whole of the investigated area were correlated (Table 3). Normalization with application of Box-Cox transformation was used to stabilize the data distribution. However, no significant differences were identified between the non-normalized and normalized values of the REE contents (Table 3) . Correlations were investigated for the vertical distribution (TS vs. SS) of these elements, and very high Rvalues were obtained (0.95-1.00) for both the transformed and the non-transformed values. Thus, it can be said that the distribution of the REEs shows no significant variation with the lithological vertical distribution, which is not interrupted by significant anthropogenic influence. Cor. -Correlation; NS -not significant differences at p < 0.05
T a b l e 3
Median values for REEs contents in topsoil vs. subsoil (average values are given in mg kg -1 ), N=310
Element TS-(X) SS-(X) Cor. (X) TS-(BC) SS-(BC) Cor. (BC) t (test) F (ratio)
In Table 4 , the basic statistics for the REEs contents in the topsoil layer are presented. Accordingly, the lanthanum contents vary in the range of 1.6-42 mg kg -1 , with median values of 19 mg kg -1 in the Kamenica-Zletovska rivers Quarter terraces (Table 5 ). Lanthanum distribution is specifically correlated with the older volcanic formations of Paleogene flysch (with a median of 15 mg kg -1 ). Cerium contents vary from 3.6 to 65 mg kg -1 in the topsoil sample, with no significant variations between the contents in the topsoil versus the subsoil layer. Dominant contents of cerium are deposited at the Bregalnica river terraces and KamenicaZletovska rivers terraces very similar to those of La (median value: 43 mg kg -1 , Table 5 ). Praseodymium contributes in the topsoil layer with an average content of 3.4 mg kg -1 . The maximum content of this element reaches 7.8 mg kg -1 . Almost all of the elements in the light-lanthanides group show significant content variations in the different sub-areas within the specific geological basin. On the basis of the normalized median values for the isolated samples according to the different geological sub-areas, F-values > 2 were obtained for La, Ce, Pr, Nd, Sm, and Eu (Table 5) .
Although it belongs to the group of REEs, neodymium can hardly be described as rare at all. Its abundance in the Earth's crust is about 38 mg kg -1 , which is the second highest among the REEs, following cerium [39, 40] . In the present case, Nd occurs dominantly in the alluvial terraces ( Table  4 ). The occurrences of heavy lanthanides (Tb, Dy, Ho, Er, Tm, Yb, Lu) did not show statistical variations among the different geological basins in the investigated area (Table 5) .
The lithological distribution of the REEs in different environs is often related to the specific formation of soil types and basic geological formations, as elaborated by numerous authors [11, 41, 42] . Cerium, as the most dominant of the REEs, shows a certain variation compared with data from similar investigations; for example, in Australian soil Ce ranges from 21.0 to 120.3 mg kg -1 [41] , in Japanese soil it ranges from 2.46 to 116 mg kg -1 [42] , and in Swiss forest soil it ranges from 10.4 to 100.8 mg kg -1 [43] . Lanthanum has a very similar distribution; in Australian soil it ranges from 2.7 to 24.3 mg kg -1 [41] , while in Japanese soil it ranges from 1.20 to 51.1 mg kg -1 , as given by Yoshida et al. [42] . The rest of the elements included in the present study are in line with the world's average trend of distribution, ranging from ~ 0.1 to 10 mg kg -1 [3, 11, [41] [42] [43] . The correlation analysis of the normalized values for the REE contents shows significant association of these elements in the whole studied area. The strongest correlations (r 2 = 1.00) that can be separated from the correlation matrix are the correlations of Dy-Ho, Ho-Er, Tm-Er, Pr-Lu and Yb-Tm (Table 6) . From the correlation coefficients matrix it can be noticed that significant correlations (for values of r 2 > 0.95) were obtained for both LREEs and HREEs. Good correlation coefficients (r 2 > 0.7, p < 0.05) exist for most of the REEs (Table 6) , so from the data of the correlation matrix it is very hard to distinguish the selective distribution of LREEs from HREEs. The enrichment of LREEs or HREEs is usually distinguished by the calculation of chondrite-normalized REEs [44] . In general, high chondrite-normalized La/Yb ratios and Gd/Yb ratios lower than 2.0 are criteria for LREE enrichment [44] . In this study, Gd/Yb > 2, which supports the hypothesis that no selective distributions of two groups of REEs exist. This finding was confirmed by the non-significant Fvalue (1.12) obtained for the contents of LREEs versus HREEs.
The distribution of the REE contents was examined according to the different types of soils (automorphic and alluvial) in dependence on the dominant geological formation in the investigated area. Intensive correlation was established (> 0.90) among the LREEs on one hand and among the HREEs on the other hand.
As can be seen in Figure 3 , the distribution of the La, Ce, Pr, Nd, Sm, Eu and Gd is marked by a dominant presence in the Kamenica-Zletovska rivers terraces (K-Z), which is probably a consequence of the Pb-Zn mining activities. Furthermore, there is a significant correlation with the Paleogene flysch as a dominant geological formation in the lower course of the Bregalnica river Quarter terraces (B-2). The distribution of this group of REEs shows significant differences in their contents in automorphic and alluvial soils in areas with different geological bases (Table 5) . Only europium deviates from this assumption, taking into consideration its higher content in the alluvial soil samples collected from the Kamenica and Zletovska rivers (1.1 mg kg -1 ). The heavy REEs (Tb, Dy, Ho, Er, Tm, Yb and Lu) are concentrated on the Quaternary terraces (Fig. 4) . The distributions of these elements do not show any significant variations between the areas with different geological formations (Table  5) . Even the metamorphic vulcanite rocks do not play any significant role in their distribution. Thus, the automorphic soil from the river terraces presents a lithological archive for these elements. The alluvial soil collected from the upper and lower courses of the Bregalnica river basin, Kamenica river and Zletovska river is characterized by lower contents of HREEs compared with the automorphic soils (Fig. 4) .
T a b l e 5
Distribution of REEs in different geologic basin units and sub-areas in the investigated area (median values in mg kg -1 )
Element Yb (mg kg
Granite (Mz-Pt) Areal distribution maps were made for better visualization of the REE distribution, as shown in Figures 5 and 6 . It is obvious that the spatial distribution of the REEs is emphasized in the alluvial and automorphic soils of the Quaternary terraces in the Kočani valley and shows lower intensity in the Maleševo valley. The Kočani valley is represented by Quaternary terraces and contributions of Quaternary alluvium. This is an area with intensively cultivated agricultural land, predominantly used for growing rice. Phosphatic fertilizers added to agricultural soils could thus be a possible source of REEs as well [42] . Certain previous investigations conducted in the Kočani field paddy soil estimated that this soil originated from composite material mostly derived from igneous, volcanic, metamorphic and sedimentary rocks transported by the Bregalnica river and its tributaries. The elevated concentrations of HREEs were explained by the contribution of the mafic and ultramafic lithologies to the soil formation [28] . In the present investigation, the deposition of La-Ce-Pr-Nd-Sm-Eu-Gd was found to be predominant in the Quaternary terraces and the Paleogene flysch. Regarding the contents in the alluvial soil, dominant depositions were detected at the Zletovska Reka river and Kamenica river. This occurrence is related to the oldest formations, such as Neogene and Paleogene volcanic rocks. These areas are characterized by Pb-Zn mineralization. The third isolated deposition of these elements occurs in the Cu-mine environs in the SE part of the investigated area. The enrichment of these elements is influenced by the main ore mineralization (Fig. 5) . The spatial distribution of the HREEs is strongly related to the lithology of the region, with isolated deposition predominantly in the automorphic soil of the Quaternary terraces. The geochemical association of the elements Tb-Dy-Ho-Er-TmYb-Lu has a specific areal distribution in the environs of Bregalnica river and its tributaries. The anthropogenic influences that are related to the PbZn and Cu mineralization in the investigated area insignificantly influence the lithological distribution of this geochemical association. In the Maleševo valley, the Proterozoic felsic and mafic plutonites characterize the geological leading to dominant deposition of these elements. REEs can also be enriched during the soil-formation processses, even if the source material is not granitic rock [42] . On the other hand, in the Kočani valley the contents of HREEs above the 90th percentiles are mainly deposited on the Quaternary terraces while their occurrence is lower in the Rifeous shales. It is suggested [28] that the contents of these elements may be enriched by the intense application of phosphate fertilizers due to adjustment of these soils for growing rice (paddy soil). The distribution of the REEs in the Bregalnica river basin was examined based on automorphic and alluvial soil samples from 155 locations. The mean value of the sum total of rare earth elements (ΣREEs) was determined to amount to 79.3 mg kg -1 . The natural enrichment with REEs in the Bregalnica river environs can be detected on Quaternary terraces due to long-term sedimentation. The contents of LREEs were enriched in the areas with Pb-Zn and Cu mineralization, where anthro-pogenic mining activities have been implemented for a long period of time. The basic geological formations related to this occurrence are the oldest metamorphic vulcanite rocks, Neogene and Paleogene volcanic sedimentary rocks, and the dominant Proterozoic gneiss. The HREEs (Tb-Dy-Ho-Er-TmYb-Lu) are deposited as a geochemical association predominantly in automorphic soil types on the terraces in the Bregalnica basin. The Bregalnica river environ is geochemically characterized by the archiving of the HREEs across the river terraces in the basins of the Maleševo and Kočani valleys.
